Various sequences within Tag1 , the endogenous transposon of Arabidopsis, were examined to determine how Tag1 excision and expression are regulated. The 5 intron for the major 2.3-kb Tag1 transcript was found to be critical for the accumulation of Tag1 transcripts and for high rates of somatic excision. This was true for the autonomous element in cauliflower mosaic virus 35S-Tag1 -␤ -glucuronidase constructs and for a two-component system using the 35S promoter to produce Tag1 transposase and a ␤ -glucuronidase:: dTag1 marker construct to score for excision. The 3 introns of Tag1 , although not needed for high transposase expression in primary transgenic plants, were important for maintaining high levels of somatic excision and accumulation of the major but not the minor Tag1 transcripts in subsequent generations. With both 5 and 3 introns present, exchanging the 5 promoter region of Tag1 with the 35S promoter did not affect the timing of Tag1 excision significantly, but it did disrupt germinal excision. Removal of the 5 intron did not abolish germinal excision activity, however. These results indicate that somatic and germinal excision of Tag1 are differentially controlled, with the 5 promoter region being critical for germinal excision activity and the 5 intron playing an important role for somatic excision, possibly via intron-mediated enhancement.
INTRODUCTION
The regulation of eukaryotic transposable elements involves multiple mechanisms and levels of control (reviewed in Labrador and Corces, 1997; Haren et al., 1999) . A classic example is germline-specific excision of transposons in Drosophila melanogaster . For P elements, regulation is mediated by differential splicing of the transposase RNA. In the germline, P element RNA is spliced by removing three introns to generate a transcript that encodes the 87-kD transposase (reviewed in Rio, 1990; Engels, 1996) . Proper splicing of the third intron of the transposase RNA is inhibited in somatic cells by a 97-kD protein that binds just upstream of the 5 Ј splice site. This binding results in an alternatively spliced mRNA that encodes a 66-kD protein that represses transposition (Misra and Rio, 1990; Lemaitre and Coen, 1991) . For comparison, the D. melanogaster hobo element is restricted to the germline by transcriptional regulation of promoter activity (Calvi and Gelbart, 1994) .
Regulated transposition also has been described for plant transposons (reviewed in Fedoroff, 1989; Saedler and Gierl, 1996; Kunze et al., 1997) . In maize kernel development, the excision activity of Spm , Ac , and Mutator appears to be coordinated during aleurone development, indicating that maize controls the excision timing of all three elements (Levy and Walbot, 1990) . Mutator excision also is restricted to late stages of both somatic and reproductive development (Robertson, 1981; Levy et al., 1989; Walbot, 1992; Lisch et al., 1995; Bennetzen, 1996) . Such restriction occurs in maize plants in which excision is controlled by a cauliflower mosaic virus (CaMV) 35S-mudrA transposase construct, indicating that the regulation of excision timing has a post-translational component (Raizada and Walbot, 2000) . Spm shows developmental programming of excision activity, which is dependent on the extent of methylation in two distinct control regions near the 5 Ј end of the element (Banks and Fedoroff, 1989) . Transcription of Spm also is influenced by one of the components of the transposase, TnpA (Frey et al., 1990; Masson et al., 1991) , which activates the methylated Spm promoter but represses the unmethylated, active promoter (Schlappi et al., 1994) . For Ac , the timing of excision is affected by the dosage of Ac in maize (McClintock, 1951; Jones et al., 1989; Hehl and Baker, 1990; Heinlein and Starlinger, 1991) and can be altered in dicots by manipulating the expression of the Ac transposase Swinburne et al., 1992) . Excision activity of Ac is inversely correlated with methylation of the element (Wang et al., 1996 , and references therein), and the Ac transposase promoter is repressed by the Ac transposase protein (Fridlender et al., 1996) .
Another element that shows developmental control of both somatic and germinal excision is Tag1 , an endogenous, autonomous transposon of Arabidopsis (Tsay et al., 1993a; Frank et al., 1997; Liu and Crawford, 1998a) . Transgenic lines containing Tag1 in 35S-␤ -glucuronidase (GUS) marker constructs show tiny sectors in leaves with very few large sectors even in lines that have high rates of somatic excision. In addition, germinal excision appears to occur very late in flower development, because the germinal revertants arising from a single plant in the few lines that have been examined are independent. On the other hand, the frequency of somatic and germinal excision is highly variable and does not seem to correlate with the levels of mRNA transcripts produced by Tag1 in lines containing 35S-Tag1 -GUS constructs Crawford, 1998a, 1998b) . The major or most abundant Tag1 transcript is 2.3 kb in length and is thought to encode the Tag1 transposase because it encodes an 86-kD protein with similarity to transposases of the hAT or Ac superfamily of elements (Liu and Crawford, 1998b) . The transcribed region of Tag1 contains a 5 Ј intron just before the translational start site and three introns near the 3 Ј end of the coding region. Smaller transcripts of lower abundance also are produced by Tag1 . The structure and function of these transcripts are not known.
To investigate how Tag1 excision is regulated and how transposase expression might affect Tag1 excision, we constructed a two-component system using a CaMV 35S expression vector to produce transposase and a target-defective ( dTag1 ) element in a GUS marker gene to score for excision. We began with a Tag1 cDNA clone for the 2.3-kb major transcript as the source of transposase. These experiments revealed that the 2.3-kb cDNA clone transcribed from the 35S promoter is insufficient to express transposase mRNA or activity. Experiments to determine what was missing in these constructs led to the discovery of two regions of Tag1 that are critical for transposase function: one for somatic excision and Tag1 mRNA accumulation, and the other for germinal excision. The results of these experiments are detailed below.
RESULTS

Requirements for Somatic Excision and Tag1 mRNA Accumulation
To make an expression construct encoding a functional Tag1 transposase, we tested a Tag1 cDNA clone corresponding to the 2.3-kb major transcript of Tag1 (Figure 1 ). This clone contains an open reading frame (ORF) for a protein of 729 amino acids (Liu and Crawford, 1998b) . Tag1 sequences were inserted between the CaMV 35S promoter and a nopaline (C) Schemes of the four Tag1 cDNA clones containing the ORF, no introns, and various combinations of 5Ј and 3Ј UTRs, which are shown as thin horizontal lines at the end of the Tag1 ORF. At the bottom is a diagram of the modified pBI121 T-DNA vector used to express the cDNAs. Kan R , kanamycin resistance gene; LB and RB, left border and right border of T-DNA, respectively; NOS, nopaline synthase.
synthase 3 Ј terminator sequence in a modified pBI121 plasmid as described in Methods ( Figure 1C ). DNA constructs were transformed into Arabidopsis plants of the Columbia ecotype, which has no endogenous Tag1 elements (Tsay et al., 1993a; Frank et al., 1998 ). Primary transgenic plants were then crossed to plants homozygous for a 2.0-kb dTag1 element inserted into a 35S-GUS marker gene (pDTG1; Figure  2A ) (Frank et al., 1997) . If the expression construct produces active transposase, the dTag1 element would excise, producing (1) blue sectors in leaves of F1 plants, indicative of somatic excision, and (2) entirely blue-staining plants in the F2 generation, indicative of germinal revertants. The simplest transposase construct tested had the 729-amino acid ORF and no untranslated regions (UTRs) (pCTC5; Figure 1C ). Six primary transformants containing pCTC5 were made and crossed to the 35S-dTag1 -GUS marker line. At least 20 F1 hybrid seedlings from each cross were examined for GUS gene expression, and none showed any GUS sectors (data not shown). This result indicated that either the 729-amino acid protein was insufficient to produce a functional transposase or it was not expressed. To test this, RNA gel blot analyses were performed on progeny from all six primary transformants, and none showed any detectable Tag1 mRNA (data not shown). Even though the strong and constitutive 35S promoter was used to initiate transcription, no Tag1 mRNA accumulated.
To determine if any of the UTRs of the 2.3-kb major transcript were needed for proper expression, several more constructs were made fusing the ORF to the 5 Ј UTR only (pCTC4), the 3 Ј UTR only (pCTC3), or to both the 5 Ј UTR and the 3 Ј UTR (pCTC2) ( Figure 1C ). These constructs were transformed into Arabidopsis, and four primary transformants for each construct were crossed to line pDTG1 containing the 35S-dTag1 -GUS marker. At least 20 F1 hybrid seedlings from each cross were examined for GUS expression, and again none showed GUS sectors (data not shown). RNA gel blot analyses were performed on the progeny of the primary transformants, and none showed any Tag1 mRNA (data not shown).
The next sequences tested were the introns and nontranscribed regions of Tag1 . Constructs with different combinations of the four introns and the 3 Ј nontranscribed sequences of Tag1 were included along with the complete ORF and the 5 Ј and 3 Ј UTRs (Figure 3 ). pCTC1 had only the 5 Ј intron and neither 3 Ј introns nor the 3 Ј nontranscribed region. pCTC10 and pCTC12 had the 3 Ј introns but not the 5 Ј intron, with pCTC10 retaining and pCTC12 omitting the 3 Ј downstream sequences. pCTC9 and pCTC11 had all four introns, with pCTC9 retaining and pCTC11 omitting the 3 Ј downstream sequences. Five primary transformants were generated and analyzed for each construct. Each was crossed to the 35S-dTag1 -GUS marker line (pDTG1; Figure  2A ), and F1 plants were examined for GUS sectors. Seed were collected from any F1 plants showing activity, and the F2 progeny were examined. In addition, Tag1 mRNA was analyzed in the progeny of each transgenic plant.
Analysis of these new constructs revealed that the 5 Ј intron plays a major role in somatic excision activity and in Tag1 mRNA accumulation. Plants containing constructs with the 3Ј introns but lacking the 5Ј intron (pCTC10 and pCTC12) had very weak somatic excision activity in both F1 plants and their F2 progeny ( Figure 4A ). Ninety of 130 F1 plants (70%) and 204 of 241 F2 plants (85%) had no activity, and those plants that did have activity had very few sectors (Table 1) . RNA analyses of the pCTC10 and pCTC12 transgenic plants showed no Tag1 mRNA signals ( Figure 5 ), but on longer exposure these plants showed a very low level of Tag1 mRNAs (data not shown). Next, constructs with both 5Ј and 3Ј introns (pCTC9 and pCTC11) were tested. Both F1 and F2 plants showed abundant somatic activity ( Figure 4B) , with a higher percentage of plants (74% for the F1 plants and 51% for the F2 plants) showing sectors than did those lines lacking the 5Ј intron (Table 1 ). RNA analyses revealed that a major transcript as well as several smaller transcripts were present at signal intensities similar to the range found for plants containing the Tag1 element itself (Figure 5 ; cf. data reported by Liu and Crawford [1998b] ). These results show that the 3Ј nontranscribed region plays no obvious role in these constructs; however, the 5Ј intron is needed, even in the presence of the 3Ј introns, for accumulation of the Tag1 transcripts and strong somatic excision activity.
We checked to make sure that the 5Ј intron was needed for somatic excision and was not playing some other role in generating instabilities in gene expression that would produce blue sectors without excision of Tag1. Polymerase chain reaction (PCR) analysis was performed using primers that hybridized to the 35S promoter and the GUS sequence surrounding the Tag1 element. Genomic DNA was prepared from the leaves of several pCTC9 and pCTC11 lines showing (A) Scheme of a dTag1 element missing the internal 1.4-kb EcoRI fragment of Tag1 in a 35S-GUS marker construct (Frank et al., 1997) . (B) Scheme of the Tag1 element missing the 5Ј intron in a 35S-GUS marker construct. Kan R , kanamycin resistance gene; LB and RB, left border and right border of T-DNA, respectively; NOS, nopaline synthase. many blue sectors. Amplification of the DNA by PCR showed DNA products corresponding to the excision of Tag1. Genomic DNA also was prepared from leaves of plants from pCTC10 and pCTC12 that showed very few to no blue sectors. One round of PCR (30 cycles) produced no detectable excision bands. Using the amplified DNA as a template for a second round of PCR (30 cycles), an excision band for pCTC12 but not for pCTC10 was produced. Thus, the appearance of blue sectors, which requires the 5Ј intron, is caused by excision of Tag1.
We next examined the role of the 3Ј introns. Because the pCTC10 and pCTC12 constructs with the 3Ј introns alone showed so little somatic activity, we expected that the 3Ј introns would be dispensable if the 5Ј intron were present. Transgenic plants containing the pCTC1 construct, which incorporate only the 5Ј intron, were analyzed ( Figure 3 ). RNA blots of the progeny of three pCTC1 transgenic plants showed strong Tag1 mRNA levels for the major transcript ( Figures 5 and 6 ). Excision activity in F1 plants containing the 35S-dTag1-GUS marker was present but definitely lower than that found for the pCTC9 and pCTC11 lines (Table 1). When the F2 progeny were examined, the pCTC1 lines showed even lower levels of somatic activity (Table 1) .
The diminution of activity in the F2 plants suggested that there was a progressive loss of transposase activity or expression from generation to generation. RNA analyses were performed to determine the level of Tag1 mRNA in both the T2 transgenic lines and the F2 progeny ( Figure 6 ). Progeny from three of the original transgenic lines (pCTC1-5, pCTC1-10, and pCTC1-12) showed high levels of mRNA; the other two lines had low (1 to 8) to very low (1 to 11) levels of Tag1 mRNA ( Figure 6 , pCTC1-T2). In contrast, the mRNA profiles for the F2 plants were very different from those of the original transgenic lines. The F2 plants had little or no major transcript but high levels of the smaller transcripts. For comparison, we examined the Tag1 mRNA profiles of the F2 plants from the highly active lines pCTC9-1, pCTC9-4, pCTC11-1, and pCTC11-4 containing all four introns. For these four lines, high levels of the major transcript were observed ( Figure 6 ). These results indicate that the 5Ј intron is important for transposase mRNA accumulation and activity in the context of the 35S promoter but that the 5Ј intron is not sufficient for maintenance of transposase expression. The additional components needed for maintenance are the 3Ј introns.
The constructs used previously to express the Tag1 transposase all relied on the 35S promoter to initiate transcription of the transposase coding region. In this context, the 5Ј intron is critical for the expression of functional transposase. To determine if this is true for the Tag1 element itself, a deletion of the 5Ј intron was made in an intact Tag1 element. This Tag1 element was inserted into the pBI121 35S-GUS vector to produce pTG⌬5 ( Figure 2B ). Five transgenic plants were made and examined. Only three of the original five transgenic plants (T1 generation) showed any somatic activity, and these three had few sectors (Table 2) . Upon selfing, only a few progeny (T2 generation) from one line showed very low somatic excision activity (Table 2 ). RNA gel blot analysis showed that no detectable Tag1 mRNA accumulated in the progeny of the primary transgenic plants (data not shown). Thus, the 5Ј intron also is required in the context of the autonomous element for transposase expression and somatic excision activity.
One complication from deleting the 5Ј intron is that it could remove a cis-acting sequence needed for excision. To test this, a line containing the pTG⌬5 construct in the 35S-GUS marker was crossed to plants containing an intact element in a 35S-Tag1-SPT construct (Liu et al., 2001 ). F1 mRNA was prepared from 3-to 4-week-old plants that were T2 progeny of the primary transgenic plants. The Tag1 constructs in each line are shown above the blot and in Figure 3 . pCTC1, pCTC9, and pCTC11 contain the 5Ј intron, and pCTC10 and pCTC12 do not. The major transcript is between the 1.9-and 2.6-kb markers. The bottom panel shows rRNA levels visualized by staining of gels for each lane to serve as loading controls.
plants showed 50 to 300 sectors per leaf (medium level of activity; data not shown), demonstrating that the Tag1 deletion derivative missing the 5Ј intron still is capable of excision if provided transposase.
Requirements for Germinal Excision
The results described above show that the 5Ј intron is needed for somatic excision and transposase expression in vegetative tissues. However, when one examines the same lines for germinal excision activity, a very different picture emerges. First, none of the pCTC 35S-transposase constructs, except pCTC9-3, produced any germinal revertants among 500 progeny examined (Table 1) . This was true even for lines that had high levels of somatic excision activity (Table 1) and Tag1 mRNA even in the F2 generation (lines pCTC9-1, pCTC9-4, pCTC11-1, and pCTC11-4; Figure 6 ). This result indicates that even though somatic excision may be very active and transposase expression may be high in the shoots, some sequence(s) necessary to support germinal excision is missing in these constructs. To determine what was missing, we compared sequences between an intact Tag1 element, which shows germinal excision, and the pCTC11 construct, which supports high somatic excision but no germinal excision. The only difference between these constructs is the 5Ј promoter region. Tag1 has its own promoter, whereas the pCTC11 constructs have the 35S promoter. This comparison indicates that it is the Tag1 promoter region that is necessary for germinal excision activity. We then examined the necessity of the 5Ј intron for germinal excision activity. Germinal revertants were counted among T2 progeny containing the pTG⌬5 construct, which lacks the 5Ј intron. This defective element produces no detectable Tag1 mRNA in shoots and has very little to no somatic excision activity. Surprisingly, this element did produce germinal revertants at frequencies from 1 to 12% (Table 2) , which are comparable to what we have observed for the intact Tag1 element (Liu and Crawford, 1998a) . Thus, the somatic and germinal excision activities of Tag1 can be separated. The somatic activity requires the 5Ј intron (and secondarily the 3Ј introns), whereas the germinal activity requires the Tag1 5Ј promoter region and not the 5Ј intron. We speculate that line pCTC9-3, which was the one exception that produced germinal revertants, acquired new promoter activity, perhaps by inserting near an enhancer that supports expression in germinal cell lineages.
Timing of Excision
One of the characteristics of Tag1 excision is that early excision is rare, as indicated by few large sectors in leaves even in lines that have high levels of somatic excision, as determined using 35S-Tag1-GUS markers (Liu and Crawford, 1998a) . One would expect that early excision events (e.g., in the shoot meristem) would give rise to sectors that would run the length of an organ, multiple organs, and entire branches, on the basis of work from several laboratories showing sectors arising from recombination events in the meristem (Furner and Pumfrey, 1992; Irish and Sussex, 1992; Bossinger and Smyth, 1996; Goldsbrough et al., 1996) . We found such sectors in our Tag1 transgenic lines ( Figures 4C and 4D ). To determine if replacing the 5Ј promoter region of Tag1 with the strong 35S promoter affects the timing of somatic excision, we examined the very active pCTC9 and pCTC11 lines containing the 35S expression constructs and compared the frequency of large sectors with those from a sample of lines containing the Tag1 autonomous element. If excision timing were unregulated, one would expect that lines with higher rates of somatic excision would show more large sectors. We found that even though mRNA was prepared from 3-to 4-week-old plants that were T2 progeny of the primary transgenic plants (first five lanes) or F2 progeny from a cross with the pDTG1 35S-dTag1-GUS line (last nine lanes). The pCTC1, pCTC9, and pCTC11 Tag1 constructs are shown in Figure 3 . The major transcript is between the 1.9-and 2.6-kb markers. The bottom panel shows rRNA levels visualized by staining of gels for each lane to serve as loading controls.
overall somatic excision rates were on average higher, the frequency of large sectors was lower in the pCTC9 and pCTC11 lines (0.2%; Table 3 ) than in lines containing the intact Tag1 element (0.8%; Table 4 ). These data on excision timing are similar to what has been reported for the maize Mu transposon, which displays late somatic excision even when the mudrA transposase cDNA is expressed from a 35S promoter, indicating that excision timing is regulated post-translationally (Raizada and Walbot, 2000) .
Molecular Cloning of Several Tag1 Minor Transcripts
As reported previously (Liu and Crawford, 1998b) and as can been seen in the RNA blots from the various pCTC lines (Figures 5 and 6 ), minor RNAs accumulate in plants containing Tag1 or the 35S-transposase constructs. To determine the nature of these RNAs, we analyzed them in more detail. First, RNA gel blot analysis was performed. An RNA blot using a 1.4-kb EcoRI fragment from the middle of Tag1 ( Figure  7A , probe A) hybridized to both major and minor transcripts (Figure 8 ), as reported previously (Liu and Crawford, 1998b) . When the same RNA blot was rehybridized with probe B (Figure 7A ), the major transcript showed a strong signal as expected, but no distinct minor transcripts were apparent, only a light smear (Figure 8 ).
These RNA blot results suggest that the minor transcripts are generated by premature termination or by alternative splicing. To test these possibilities, cDNA was prepared from poly(A) ϩ RNA isolated from leaves containing active Tag1 elements. The cDNA was used as a template for PCR with the following primers: an oligonucleotide corresponding to the transcription start site of the major transcript and oligo(dT). Two PCR products with approximate lengths corresponding to minor transcripts (1.2 and 1.0 kb) were isolated. Sequencing of these two cDNAs revealed that they have the same sequence as the 5Ј end of the major transcript and then terminate in a poly(A) sequence at residues Ala-1474 [CCCAACTA-poly(A)] for the 1.0-kb cDNA and Thr-1707 [ACACGTT-poly(A)] for the 1.2-kb cDNA ( Figure  7B ). This result is similar to what has been described for the Bacillus thuringiensis cryIA gene in tobacco, in which multiple polyadenylation sites lead to small transcripts that are terminated prematurely (Diehn et al., 1998) . It is interesting that both Tag1 transcripts have an in-frame stop codon that is generated by adding adenines to the TA or T nucleotides at the end of the RNAs. Thus, some of the minor Tag1 transcripts arise from premature polyadenylation.
On the basis of these analyses, we surmised that the minor transcripts are unlikely to encode a complete functional transposase or to be sufficient for Tag1 excision in Arabidopsis plants. One test of this hypothesis comes from our results with the pCTC1 lines, which contained the 35S promoter and a 5Ј intron but no 3Ј introns. The F2 plants from the cross pCTC1 ϫ 35S-dTag1-GUS showed weak or no signals for the major transcript but high levels of minor transcripts ( Figure 6, pCTC1-F2 lines) . The somatic excision activity of these F2 lines was low or very low (Table 1 ). This finding suggests that the major transcript is necessary for transposase activity. We were not able to test this directly with an expression construct that produced only the major transcript, but we could test for transposase activity from the small transcripts. Both the 1.2-and 1.0-kb cDNA clones were inserted between the 35S promoter and the nopaline synthase terminator to make pCTC7 and pCTC8, respectively ( Figure 9 ). Both constructs were transformed into Arabidopsis of the Columbia ecotype. Four primary transformants from each construct were crossed to the pDTG1 35S-dTag1-GUS line. Twenty F1 hybrid seedlings were examined for each construct, and none showed GUS sectors (data not shown). Further crosses were performed to combine both pCTC7 and pCTC8 constructs into one transgenic line, which was then crossed to the pDTG1 line. GUS staining of the F1 hybrids showed no sectors (data not shown). These results support the hypothesis that the minor transcripts are not sufficient for transposase function; however, we cannot exclude the possibility that they may be part of the functional transposase.
DISCUSSION
The major finding described here is that there are distinct sequence requirements for somatic and germinal excision of Tag1 in 35S-GUS constructs. Germinal excision is dependent on the Tag1 5Ј promoter region being present, and somatic excision is dependent on the 5Ј intron, as is accumulation of Tag1 mRNA. Additional findings are that the maintenance of somatic excision depends on the 3Ј introns and that the timing of excision is not affected significantly by replacing the Tag1 5Ј promoter region with the 35S promoter. These results provide important insights into the regulation of Tag1 excision. The reduction in somatic excision caused by deletion of the 5Ј intron can best be explained by a severe reduction in Tag1 mRNA accumulation. Quantification of transcript levels (by scanning autoradiography of the RNA blots) revealed that levels of Tag1 mRNA for the pCTC10 lines (which lack the 5Ј intron but contain the 3Ј introns) were 10 to 1% of those found in the pCTC11 lines (which contain all introns). In this context with the 35S promoter, the role of the 5Ј intron is likely to be post-transcriptional or at least after the initiation of transcription. If the intron were a transcriptional regulator, as in the case of the second intron of the Arabidopsis AGAMOUS gene (Sieburth and Meyerowitz, 1997; Bomblies et al., 1999) , one would expect that the intron would not be needed in our expression constructs, which have the strong, constitutive 35S promoter. One possible explanation for these results is that the 5Ј intron is needed for intron-mediated enhancement, analogous to what has been described for the introns of several Arabidopsis genes, including PAT1 (Rose and Beliakoff, 2000 , and references therein). For PAT1, either of the first two introns increases mRNA accumulation fivefold without affecting transcription rates. Intron-mediated enhancement is thought to occur by a post-transcriptional mechanism that facilitates mRNA maturation or increases the stability of precursor RNA. It is interesting that the 5Ј intron is not needed for germinal excision; further work is needed to determine why.
The requirements for somatic excision of Tag1 stand in contrast to the requirements for germinal excision, which include the Tag1 5Ј promoter region. For transposase expression constructs containing only the 35S promoter and no Tag1 5Ј promoter sequences, almost no germinal excision was observed, even for lines that had multiple transgenes. This is in contrast to what we observed with the intact Tag1 element in the 35S-Tag1-GUS constructs, in which the higher the number of transgenes, the greater the average germinal excision (Liu and Crawford, 1998a) . A possible explanation for our results is that active transposase is not expressed by the 35S promoter in the cells in which Tag1 germinal excision normally occurs. This finding is in contrast to what has been found for Ac in tobacco, in which expression of the Ac transposase with the 35S promoter leads to germinal excision rates of Ds elements that exceed those for Ac itself . Thus, there is an important difference between the Ac and Tag1 transposases and between 35S expression in Arabidopsis and tobacco. A study of 35S promoter activity in Arabidopsis flowers using a 35S-APETALA3 construct showed that these constructs lead to the accumulation of APETALA3 RNA in all four whorls in buds as late as stage 6 (Jack et al., 1994) . No data were given for flowers later in development. These results indicate that Tag1 mRNA should be synthesized from the 35S constructs in developing flowers. Clearly, additional requirements for expression are needed to support germinal excision of Tag1. Perhaps expression in the gametophyte is required, which is consistent with previous experiments showing sectors that included no more than one embryo (Liu and Crawford, 1998a) . Such expression of the Ac transposase in Arabidopsis using the anther-specific apg promoter leads to germinal excision of Ds elements (Firek et al., 1996) . It is noteworthy that mutations in Ds elements or in unlinked genes have been found that reduce germinal excision of Ac/Ds but not somatic excision, indicative of a separation between the control of somatic and germinal excisions (Eisses et al., 1997; Giedt and Weil, 2000) . Our findings provide a way to design a transposon that is specific to the germinal lineages in Arabidopsis. By simply deleting the 5Ј intron, the somatic excision of Tag1 is essentially eliminated, yet fully active germinal excision is retained. Such a germline-specific element might be useful for insertional mutagenesis in cases in which somatic revertant (C) Diagram of the structure of the putative transposase protein encoded by the major transcript. Closed boxes represent two putative nuclear localization sequences, and the hatched box represents the hAT signature sequence conserved among this class of elements (Liu and Crawford, 1998b) . NH 2 , N terminal; COOH, C terminal. sectors are lethal, such as when systemic toxins are applied to select for resistant mutants.
As mentioned above, an intriguing result from our work is that the use of the 35S promoter to produce transposase mRNA did not qualitatively change the overall somatic excision behavior of Tag1 as measured using 35S-GUS constructs. The frequency of excision increased and the production of large sectors (a measure of excision timing) decreased with the pCTC9 and pCTC11 35S-transposase constructs compared with intact Tag1 in the 35S-Tag1-GUS constructs. However, overall excision behavior (the range of excision frequencies and a few early excision events) was similar. It is clear from these results that internal Tag1 sequences affect transposase production in our 35S-transposase constructs. What we do not know is how much the 35S promoter affects the expression and somatic excision of the intact Tag1 element in the 35S-Tag1-GUS constructs. Further experiments are needed to address this point.
METHODS
Plasmid Construction
To express the Tag1 cDNA sequences in Arabidopsis thaliana, the pBI121 vector (Jefferson, 1989) was used, which has a cauliflower mosaic virus 35S-␤-glucuronidase-nopaline synthase (35S-GUS-NOS) expression cassette with a kanamycin resistance gene as a selectable marker for plant transformation. pBI121 was modified by removing the GUS gene by digesting with SmaI and SacI, filling in with Klenow, and religating. The resultant plasmid was designated pCN1. Tag1 sequences were inserted into the XbaI and BamHI sites between the 35S promoter and the nopaline synthase 3Ј terminator sequences of pCN1.
Constructs pCTC2 to pCTC5 ( Figure 1 ) were made using a cDNA clone of the major 2.3-kb Tag1 transcript (from plasmid pTC20 [Liu and Crawford, 1998b] ). This cDNA contains a 729-amino acid open reading frame (ORF) with a 44-bp 5Ј untranslated region (UTR) and a 112-bp 3Ј UTR. This cDNA was cloned into pCN1 to make pCTC2. To make pCTC5 (ORF only), polymerase chain reaction (PCR) was performed using two primers, one flanking the start codons and the other flanking the stop codons of the ORF, using pTC20 as a template. The 2.2-kb PCR product was sequenced and then cloned into the XbaI and BamHI sites of pCN1. pCTC4 (ORF and 5Ј UTR) was made by combining the 0.6-kb 5Ј XbaI-EcoRI fragment of pTC20 and the 1.6-kb 3Ј EcoRI-BamHI fragment of the ORF cDNA. pCTC3 (ORF and 3Ј UTR) was made by combining the 0.6-kb 5Ј XbaI-EcoRI fragment of the ORF cDNA with the 1.7-kb 3Ј EcoRI-BamHI fragment of pTC20. The Tag1 sequences were then cloned into pCN1. pCTC1 (Figure 3 ) was made by replacing the 0.6-kb 5Ј XbaI-EcoRI fragment of pTC20 with a 0.8-kb PCR product covering from nucleotide 262 (transcriptional start site) to the first EcoRI site of Tag1 DNA using a Tag1 genomic clone in the pBT1 plasmid (Liu and Crawford, 1998b ) as a template. The resulting plasmid, pTC12, was digested with XbaI and BamHI, and the Tag1 insert was cloned into pCN1.
pCTC9 and pCTC10 ( Figure 3) were made by replacing the 1.1-kb 5Ј XbaI-EcoRI fragment of Tag1 in pBT1 with (1) the same 0.8-kb PCR product used for pCTC1 described above (containing the 5Ј intron) to make pCTC9 or (2) the 0.6-kb 5Ј XbaI-EcoRI fragment from pTC20 (lacking the 5Ј intron) to make pCTC10. The two DNAs were inserted into pCN1.
pCTC11 and pCTC12 ( Figure 3) were made as follows. The Tag1 plasmid pBT1 was digested with SmaI and ClaI, filled in by Klenow enzyme, and religated. The resulting plasmid was then partially digested with EcoRI and XhoI. A 2.0-kb fragment was used to replace the EcoRI-XhoI fragment of plasmid pTC12 (the precursor of pCTC1). The resulting insert was excised with XbaI and BamHI and inserted into pCN1 to make pCTC11 containing the 5Ј intron. The same 2.0-kb fragment from pBTI also was used to replace the EcoRI-XhoI fragment of pTC20. The resulting insert was excised with XbaI and BamHI and inserted into pCN1 to make pCTC12 lacking the 5Ј intron.
The Tag1 clone lacking the 5Ј intron (pTG⌬5) was made by replacing the 1.1-kb 5Ј AccI-AflII fragment of Tag1 containing the first intron with the corresponding 0.8-kb AccI-AflII fragment from the Tag1 cDNA clone in pTC20. The new Tag1 construct missing the 5Ј intron was then inserted into the XbaI and BamHI sites of pBI121.
Molecular Cloning of Small Tag1 Transcripts
Total RNA was isolated from Arabidopsis leaves as described (Crawford et al., 1986) . cDNA was prepared from 4 g of total RNA using SuperScript reverse transcriptase (GIBCO) as recommended by the manufacturer. The cDNA was then used as a template for PCR (30 cycles at 94ЊC for 1 min, 50ЊC for 1 min, and 72ЊC for 2 min), with one primer covering the 15 nucleotides starting from the Tag1 transcription start site at position 262 and the other primer being an 18mer oligo(dT) sequence. An XbaI site was engineered into the 5Ј end of the PCR product. Two PCR products were formed with lengths of ‫2.1ف‬ and ‫0.1ف‬ kb. These products were cloned into the XbaI and EcoRV sites of pBluescriptϩ for sequencing. The two cDNAs were isolated by digestion with XbaI and ClaI, the ClaI ends were filled in with Klenow, and then the clones were inserted into the XbaI and BamHI sites of pCN1 (the BamHI end was filled in with Klenow) to make pCTC7 and pCTC8, respectively.
Plant Transformation
All DNA constructs were transformed into Agrobacterium tumefaciens strain C58 AGL-0 as described previously (Lazo et al., 1991) . All Arabidopsis plants used in this study were of the Columbia ecotype. Plant transformations were performed using the vacuum Figure 9 . Diagram of cDNA Expression Constructs for Minor RNAs. pCTC7 and pCTC8 (also shown in Figure 7) were inserted into the modified pBI121 T-DNA plasmid as shown. Kan R , kanamycin resistance gene; LB and RB, left border and right border of T-DNA, respectively; NOS, nopaline synthase. infiltration method (Bechtold et al., 1993) or the floral dip method (Clough and Bent, 1998) .
RNA Gel Blot Hybridization
Total RNA was extracted from whole seedlings, and poly(A) ϩ RNA was prepared as described previously (Crawford et al., 1986; Tsay et al., 1993b) . For RNA gel blot analysis, 1 g of poly(A) ϩ RNA was loaded onto 1.5% agarose gels containing formaldehyde and processed as described (Liu and Crawford, 1998b) . Hybridizations were performed at 42ЊC for 24 hr in a solution containing 50% formamide, 5 ϫ SSPE (1 ϫ SSPE is 0.115 M NaCl, 10 mM sodium phosphate, and 1 mM EDTA, pH 7.4), 5 ϫ Denhardt's solution (1 ϫ Denhardt's solution is 0.2% Ficoll, 0.02% polyvinylpyrrolidone, and 0.02% BSA), 0.1% SDS, and 100 g/mL herring sperm DNA. After hybridization, membranes were washed twice with 2 ϫ SSPE and 0.5% SDS for 15 min and then twice with 0.1 ϫ SSPE and 0.1% SDS. The first three washes were performed at room temperature, and the final wash was performed at 42ЊC. Radiolabeled DNA (probe) was prepared as described (Feinberg and Vogelstein, 1983) .
Phenotypic Assays for Tag1 Excision Frequencies
To detect somatic sectors corresponding to dTag1 excision events, histochemical staining for GUS expression was performed as described (Liu and Crawford, 1998a) . Sectors were visualized as blue spots on a white background in leaves. That blue sectors were attributable to Tag1 excision was verified by PCR analysis in several lines. Germinal excision of dTag1 elements was determined by identifying completely blue-staining seedlings.
